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Impedance spectroscopic characterization of gadolinium substituted cobalt ferrite ceramics
I. INTRODUCTION
Ferrites constitute an important group of materials, which exhibit diverse properties and phenomena that are useful for integration into a wide range of technological applications. Ferrites find application in various fields such as electronics, optoelectronics, magnetics, magneto-electronics, electrochemical science and technology, and biotechnology. [1] [2] [3] [4] [5] [6] [7] [8] Spinel structured ferrite materials exhibit remarkable properties which are attractive for electronics and magnetoelectronics. 7 Based on specific characteristics, ferrite materials were also proposed for electrode application in Li-ion batteries and solid oxide fuel cells. 9, 10 In recent years, efforts are directed towards combining these ferrite materials with polymers to obtain ferrite/polymer nano-composites with new functionalities. 11, 12 Such materials are expected to enable the design of the smart and intelligent multifunctional nanomaterials for a wide range of technological applications. For instance, these materials offer the possibilities to combine with biocompatible materials to form core-shell nanomaterials, which will have a great potential in cancer treatment and other biomedical related applications. 13, 14 Cobalt ferrite (CoFe 2 O 4 , which is referred to CFO hereafter), one among spinel ferrites, has attracted remarkable attention and widely studied because of their large magnetocrystalline anisotropy, high coercivity, moderate saturation magnetization, large magnetostrictive coefficient, chemical stability, and mechanical hardness. 15 The structure, electrical, and dielectric properties of CFO play a key role in designing the magnetic, electronic, microwave, and electrochemical devices. However, the properties and phenomena of CFO compounds are dependent on microstructure and chemistry, which in turn depend on the synthesis procedures and conditions. Generally, chemical composition, sintering temperature, reactive or processing atmosphere, and the ions that substitute Fe 3þ /Fe 2þ ions dictate the electrical properties of CFO and its composites. 16, 17 Recently, significant attention has been paid towards the microstructure, dielectric, and electrical properties of metal doped CFO. However, efforts towards understanding the effect of rare earth (R) ion incorporation in CFO are inadequate and need further attention. 16, 17 Many of the high frequency applications of Co-ferrites or CFO-composites require a fundamental understanding of their electrical behavior and establish strategies to tune their properties using suitable dopants. 8, 17 In CFO, partial substitution of Fe 3þ by rare earth ion leads to structural distortion in spinel structure which induces strain and significantly modifies the electrical and dielectric properties. 8 It has been reported in the literature that inclusion of Zn, Cu, and Cd in ferrites increases the dielectric constant due to the formation of excess Fe 2þ which eventually increases the hopping of electrons between Fe 2þ and Fe 3þ . 8, 17 The present work was performed on Gadolinium (Gd) substituted CFO (referred to CFGO hereafter) synthesized by solid state ceramic method. An emphasis is made to derive a correlation between structural and electrical properties of Gd substituted CFO. The objective of the work is to study the bulk and interface phenomena of CFGO compounds over a wide range of frequencies and temperatures in order to obtain information about the mechanisms involved, relaxation times, and relaxation amplitudes of various processes present in these materials. The ionic size of Gd 3þ ions (0.938 Å ) is larger than that of Co ions (0.735 Å ) and Fe ions (0.645 Å ). 18, 19 structural disorder and lattice strain, which will have profound influence on the electrical conduction and impedance properties of the resulting compounds. Impedance spectroscopic characterization of the CFGO compounds has been performed in this work in order to derive a comprehensive understanding of their electrical properties as a function of Gd content. Impedance spectroscopy (IS) is generally employed to study the electrical and dielectric properties of ferrites due to the fact that impedance of the grains can be divided from other impedance sources, such as impedance from electrodes, impurity phases, and grain boundaries. 20, 21 The strength of the method lies in the fact that IS can reveal information on the dielectric relaxation times and relaxation amplitudes of the various processes present in a dynamic system by small-signal perturbation over a wide range of frequencies. As such, it is a very elegant method to understand electrical transport in the grain interior (bulk) and at interfaces. The IS measurements, as presented and discussed in this paper, allowed us to understand the effect of Gd substitution on the electrical properties of CFO and propose a mechanism for electrical conduction in CFGO compounds.
II. EXPERIMENTAL
The CFGO polycrystalline compounds were prepared from 99.99% pure CoO, Fe 2 O 3 , and Gd 2 O 3 by the solid state reaction method. Powders of the starting materials were ground in an agate mortar and pestle for 2 h in an ethanol medium and the mixtures were heat treated in air at 1200 C for 12 h employing controllable furnace with a ramp rate of 10 C/min for both heating and cooling. Phase identification and crystal structure of the materials synthesized were investigated using X-ray diffraction (XRD) measurements employing a Bruker D8 Discover X-ray diffractometer. Measurements were made at room temperature using CuKa radiation (k ¼ 1.5406 Å ). To measure the electric properties, pellets were made using Die and Carver press. The pellet diameter and thickness were $7.9 mm and 1.5 mm, respectively. Each batch of pellets was pressed in a Carver press at 4.5 tons, sintered at 1300 C for 12 h. The surfaces of the samples were well polished, rubbed with silver paste as the electrode for the electrical measurements and then heated in a furnace at 93 C for 2 h in order to get the best performance. A signal of 1 V and frequency in the range of 20 Hz-1 MHz was applied to the circuit using HP precision LCR meter (HP 4284A). Before each measurement, standard calibration and precaution was taken to remove, any stray capacitance, lead, and contact resistance. Room temperature resistance and impedance were recorded as a function of frequency in the range of 20 Hz-1 MHz. The whole sample assembly then placed in a temperature controlled furnace. Impedance of the samples as a function of temperature was calculated from the resistance measurements made on a LCR meter.
III. RESULTS AND DISCUSSION
XRD patterns of pure CFO and Gd-substituted CFO (CFGO) are shown in Fig. 1 . XRD data indicate that the CFO and CFGO crystallize in the inverse spinel phase which suggests that Gd ions incorporated retain the structure of intrinsic CFO. However, as indexed in Fig. 1 , the peaks due to secondary phase (GdFeO 3 ) emerge with increasing Gd concentration, especially for x ¼ 0.2-0.4. Formation of these ortho-ferrites (RFeO 3 ) as a minor component of the system is common for rare-earth ion doped ferrites. 4, 6, 17, 21 However, in the present case, it can be noted from the XRD data ( Fig. 1 ) that the Gd-induced secondary phase formation emerges only at higher Gd content. The lattice constant determined from XRD for pure CFO is 8.373 Å , which agrees with that of pure CoFe 2 O 4 reported in the literature. 15, 17 It is noted that CFGO compounds exhibit lattice expansion, which is dependent on the Gd content. It is obvious that when some of Fe 3þ ions are substituted by Gd 3þ ions, the lattice is subjected to distortion. However, the lattice parameter increase or decrease or a reasonable compromise is due to the net result of two effects. Having large ionic radius than Fe 3þ (0.645 Å ), Gd 3þ (0.938 Å ) incorporation into the structure induces distortion leading to the increased lattice parameter. On the other hand, if some of Gd 3þ ions did not substitute for Fe but formed another distorted or secondary phase. [22] [23] [24] The major effect of Gd-substitution in CFO in the present case is, thus, lattice expansion. The CFGO materials exhibit lattice parameter enhancement from 8.373 Å (x ¼ 0.0) to 8.422 Å (x ¼ 0.4) due to the larger ionic radius of Gd 3þ compared to Fe 3þ . The variation of ac resistivity with temperature for the CFGO samples measured at various frequencies is shown in Fig. 2 . The resistivity initially increases up to 230 C then decreases thereafter. It is observed that resistivity peak value decreases with the increasing frequency. This type of difference in resistivity values with temperature for the different frequencies indicates that the CFGO resistivity is strongly dependent on applied ac signal frequency. The resistivity profiles for all frequencies merge onto a common value as temperature rises. This observed behavior of ac resistivity at higher temperature is an indicative of the fact that electrical conduction in these CFGO samples is a thermally activated process governed by the release of space charge.
Impedance spectroscopic data of CFGO compounds are presented in Figs frequency shows that the conductivity of the material increases with increasing frequency. This is due to the increase in hopping of electrons between the localized ions.
The resistivity of the sample decreases with increasing temperature. The variation of imaginary part of impedance Z 00 with frequency is shown in Fig. 4 as a function of frequency. It can be noted that Z 00 decreases with increasing frequency and temperature. The broad Debye peaks in the plot indicate the existence of relaxation process in the CFGO materials. At lower frequencies, the relaxation peaks in the imaginary part of complex impedance may be due to the existence of the space-charge relaxation. This is also related to the charge carriers in association with the oxygen vacancies. It is a known phenomenon that space charge polarization mechanism dictates heterogeneous structures, where a material is composed of grain and grain boundaries. 25, 26 At lower temperature, the conductivity is dominated by the short range hopping of charge carriers. Due to the high mobility of oxygen vacancies in doped ferrites, few oxygen vacancies are trapped at the electrode interface which results in the formation of space charge polarization. They can move easily in these vacancies when electric field is applied which results in a little space charge effect at low temperatures. It is noted that Debye peaks are shifted to the higher frequency side with increasing temperature. These peaks are noticed when the jumping frequency of localized electrons becomes approximately equal to the frequency of the externally applied ac electric field. The shifting of these peaks towards higher frequency region indicates the increase in the hopping rate of charge carriers.
Impedance spectroscopic data can be represented by Nyquist plots, which are quite useful to understand the electrical properties as a function of microstructure variation. The Nyquist plots at various temperatures are shown in Fig. 5 for intrinsic CFO. It can be seen that, at 300 K, a single semicircular arc is present for CFO samples, i.e., without Gd incorporation. This is an indication that only the bulk of grains contribute to the electrical conduction process at room temperature. Evolution of the impedance spectra with temperature is quite interesting for CFO compounds as seen in Fig. 5 . A new semicircular arc in the Nyquist plots of the impedance with increasing temperature is an indication of another type of conduction process with increasing temperature. The presence of two semicircular arcs can be clearly noted at $423 K. The other semicircular arc, which evolves only with increasing temperature and totally absent at 300 K, is due to contribution from grain boundary. The arc on the low-frequency side is due to the grain boundary conduction and that on the highfrequency side is due to the grain conduction. Furthermore, with increasing temperature, the systematic changes in the diameter of these semicircular arcs are evident. These changes are a true indication of the relative contributions from grain resistance and grain boundary resistance as indicated by the diameter of semicircular arcs. With increasing temperature, the diameter of the semicircular arc related to grain boundary expands while that of the bulk of the grain depresses. At higher temperatures ($673 K), only one semicircle is present indicating that the grain boundary effects dominate the conduction process while the contribution from bulk of the grain is totally absent.
The impedance behavior of CFGO compounds is totally different compared to pure CFO. The Nyquist plots of CFGO compounds with variable Gd content are shown in Fig. 6 . The data obtained at room temperature (303 K) are presented and compared. It can be noted that the data for CFGO compounds no longer form into a semicircular arc as seen for pure CFO (Fig. 5(a) ). Instead, the data now form into straight line with a steep, positive slope, which is the characteristic of very high impedance. Specifically, this behavior is more pronounced at the initial incorporation of Gd content (up to into x ¼ 0.2) CFO. Thus, the Gd substitution effect is remarkable in elevating the impedance of CFO. However, further increase in Gd content beyond x ¼ 0.2 slowly decreases the slope and induces a deviation from straight line behavior. For x ¼ 0.4, the data still not fully form the semicircular arc but somewhat approaches towards the shape. The evolution of Nyquist plots with temperature in CFGO compounds is shown in Fig. 7 . The data shown are for CFGO compounds with a variable Gd content. Another semicircular arc evolves with increasing temperature. Grain and grain boundary conduction mechanisms are, thus, operative at intermediate temperatures. At higher temperatures, only one semicircle is present indicating that the grain boundary effects dominate the conduction process whereas the contribution from the bulk of the grain is totally absent. Such behavior was also noticed in Hf and Mn doped CFO. 25, 26 However, the data exhibit somewhat irregular, distorted semicircular arc shapes. Perhaps, variation in grain size distribution, grain boundary stress strain, defects, and volume fraction of the components could be the factors contributing to such behavior. Another reason for the observation of distorted semicircular arc can be attributed due to the fact that the atomic arrangement at the grain and grainboundary is disordered, resulting in a serious increase in electron scattering. 27 The observed impedance spectroscopic results and the effect of Gd can be understood as follows. The structure, electrical, and impedance properties of cobalt ferrite (CFO) are dependent on microstructure and chemistry, which in turn depend on the synthesis processes and conditions employed for fabrication. Generally, the stoichiometry, microstructure in terms of grain size and grain boundaries, and the ions that substitute Fe 3þ /Fe 2þ ions dictate the electrical properties of a Co ferrite. In the present case of CFGO compounds, the effect of Gd incorporation is remarkable in terms of elevating impedance. The enhanced electrical resistivity of CFGO compounds compared to CFO can be attributed to the three important factors. . The relaxation time s is related to the jumping probability per unit time "p" as: s ¼ 1=2p or x max ¼ 2p, where x ¼ 2pf . Partial substitution of Gd ions (for initial concentration) induces reduction in Fe 3þ ions which decreases the rate of hopping and hence conductivity, i.e., increases resistivity of the compound. Second factor that contributes toward impedance enhancement in CFGO compounds is the microstructure variation with increasing Gd-content. Specifically, increasing Gdcontent induces grain size reduction and formation of insulating secondary phase (GdFeO 3 ) at the grain boundaries. XRD studies (Fig. 1) confirm the formation of secondary phase, which is due to Gd ions at the grain boundaries. Grain size reduction was also evidenced in scanning electron microscopy (SEM) analyses as reported elsewhere. 6 It must be noted that smaller the grain size, the more the number of grain boundaries as is clearly seen for increasing Gd content in CFGO compounds. Thus, the bulk of the impedance is contributed by the insulating grain boundaries. The third factor is strong charge localization leading to small polaron formation and hopping in CFGO. It is well known that charge localization with strong lattice distortion can occur due to the lattice-distortion due to a strong electron-lattice interaction, i.e., small polaron formation. Small polaron formation allows the charge carriers to locally distort the lattice around it, subsequently trapping itself in the resulting potential well. As a result, enhancement in electrical resistivity occurs. 3 It has been reported that, in intrinsic and substituted ferrites, resistivity and activation energy exhibit a direct relationship; low resistivity sample always exhibit low activation energy and vice versa. 28, 29 Also, resistivity increase has been reported for ferrites doped with rare earth ion. 30, 31 Furthermore, the temperature dependent electrical properties of CFGO compounds confirm the polaron hopping. At lower temperatures, the highly resistive grain boundaries as well as interior of the grains impede the charge mobility and make it difficult for electron hopping. Increasing temperature decreases grain boundary scattering and increases the drift mobility of the thermally activated charge carriers. Thermally activated charge carrier hopping conduction mechanism, thus, accounts for the observed increase in electrical conductivity at higher temperatures.
To further analyze the data and model for conduction mechanism, the impedance data are modeled by an ideal equivalent electrical circuit comprising of resistance (R) and capacitance (C). Polycrystalline materials typically show inter granular or grain boundary impedances, which can be represented by the equivalent circuit as shown in Fig. 8 . The circuits consist of a series array of two sub circuits; one represents grain effects and another present contribution of grain boundaries. Each sub circuit is composed of a resistor and capacitor connected in parallel. Let R g , R gb and C g , C gb are the resistance and capacitance of the respective grain and grain boundaries, then the impedance Z* for the equivalent circuit can be presented as
The resistance value for the grain (R g ) at a given temperature is equal to the intercept of the corresponding semicircle with the x-axis. The capacitance (C g ) related to a grain can be calculated using R g and the frequency of maxima (f max ) of the semicircle from the equation
It is noted that the values of R gb , C gb are higher than R g , C g . The maxima of the peak of the Nyquist plot for all samples decrease with increasing temperature. The apex frequency shifts to higher values with the increasing temperature. No other relaxation mechanism such as electrode effect and ionic species diffusion has been noticed for analyzed frequency range at relatively low temperatures. The diameter of the semicircles decreases with increasing temperatures which is an indicative of electrical conduction. The semicircle in the higher frequency region is attributed to the grain conduction of the materials which occurs due to parallel combination of the grain resistance R g and grain capacitance C g of the material. The semicircle in the lower frequency region is attributed to the grain boundary conduction which occurs due to parallel combination of the grain boundary resistance R gb and grain boundary capacitance C gb of the material. The calculated values of R g , R gb and C g , C gb are presented in Table I . It can be noted that lower total resistance at higher temperature indicates increased rate of electron hopping, which is considered as a process for both conduction and polarization in ferrites.
The higher grain boundary the total higher resistance, which arises from other factors such as a decrease in Fe 2þ ion content in the region. Substitution of small amounts of Gd 3þ ions for Fe 3þ ions in B site increases the inter-ionic distances and distorts the lattice due to larger ionic size of Gd 3þ compared to that of Fe 3þ leading to additional scattering and causing increase of resistivity. In addition, formation of small amount of secondary phase (GdFeO 3 ) at the grain boundaries contributes to the increase in the electrical resistivity. From Table I , we can see that capacitance (C) is totally temperature dependent. Capacitance is higher than R because it is inversely proportional to R. Capacitance of grain boundary is larger than that of the grain, because the capacitances are inversely proportional to the thickness of the media. As a result, the capacitance is less for higher concentration of Gd samples compared to that of lower concentration of Gd. The higher the thickness of grain boundary as a result of Gd substitution in pure CFO, the higher is the overall resistance of the compound.
Finally, based on the observations made from structural characterization and impedance formalism, the Gdsubstitution induced effect on CFO can be modelled from microstructure and heterogeneity perspective. A simple twolayer or heterogeneous model can be formulated to account for the frequency and temperature dependent electrical characteristics of CFGO materials. Formation of grain-interior and grain-boundary in CFGO can be treated as a heterogeneous system. The CFGO grain-interior is fairly well conducting; however, the conducting grains are separated by a thin layer of highly resistive grain boundary. Evidence for this physical model can be derived mainly from XRD, SEM, and elemental mapping analyses as reported elsewhere. 6 In addition, microstructure studies using SEM as a function of Gd content evidenced for the grain size reduction. Such a two-layer model, therefore, can account well for the observed frequency dependent electrical characteristics of CFGO as follows. The CFGO grain boundaries are more active at lower frequencies. As a result, at lower frequencies, the electron hopping frequency between the metal ions of variable valence states is less. Therefore, the observed resistivity of the materials at lower frequency is higher. However, as the frequency of the applied field increases, the conductive CFGO grains (interior) become more active. These active grains promote electron hopping between the same metal ions of variable valence state and, thereby, increase the hopping frequency. As a result, the electrical resistivity decreases gradually with increasing frequency. Similarly, the effect of temperature on the electrical properties of CFGO can also be understood from this twolayer model. At lower temperatures, the highly resistive grain boundaries as well as interior of the grains impede the charge mobility and make it difficult for electron hopping. Increasing temperature decreases grain boundary scattering and increases the drift mobility of the thermally activated charge carriers. Thermally activated charge carrier hopping conduction mechanism, thus, accounts for the observed increase in electrical conductivity at higher temperatures. 32 
IV. SUMMARY AND CONCLUSIONS
Gadolinium substituted cobalt ferrite ceramics were synthesized by high temperature solid state reaction method by varying Gd content in the range of x ¼ 0.0-0.4. XRD analysis indicates that CFGO compounds crystallize in the inverse cubic spinel phase with a considerable lattice expansion due to larger ionic radius of Gd compared to that of Fe. The effect of Gd-substitution is significant on the electrical properties of CFGO compounds. The electrical resistivity decreases with increasing temperature and frequency for all the CFGO materials confirms thermally activated small polaron hopping mechanism. The effect of Gd-substitution in CFO is remarkable on the resistivity and increases with increasing Gd content. A two-layer heterogeneous model is presented consisting of semiconducting grains separated by insulating grain boundaries for the observed temperature and frequency dependent electrical properties of CFGO ceramics. Impedance spectroscopy analysis was performed under a wide range of frequency and temperature. The real part (Z 0 ) and imaginary part (Z 00 ) of the impedance decreases with increasing frequency. Impedance formalism exhibits broad Debye peaks, which confirm the existence of relaxation processes in CFGO materials. The bulk grain and grainboundary contributions to the electrical resistivity and capacitance were studied through impedance analysis with a parallel resistance (R) and capacitance (C) circuit. The analysis confirms that impedance properties improve with Gd substitution in Co ferrite. The temperature dependent ac electrical resistivity and impedance spectroscopy analyses indicate that there exist an overall correlation between microstructure, Gd content incorporated, and microstructure of the CFGO materials. 
